Photo-induced Cu-RDRP of acrylates in a continuous flow reactor without the need for deoxygenation or externally added reagents. Optimization of the catalyst concentration and the flow rate/residence time leads to well-defined polyacrylates with controlled molecular weights, excellent initiator efficiency, high end-group fidelity polymers and product uniformity. A multifunctional initiator was also used to demonstrate the versatility of the system. † Electronic supplementary information (ESI) available. See
Controlled radical polymerization (CRP) techniques such as atom-transfer radical polymerization (ATRP), 1-3 single electron transfer-living radical polymerization (SET-LRP), 4 ,5 reversible addition-fragmentation chain-transfer polymerization (RAFT), [6] [7] [8] [9] and nitroxide-mediated polymerization (NMP), 10 have expanded the capability of polymer synthesis, allowing access to a plethora of new materials. 11, 12 Among the benefits, the ability to externally regulate these techniques with various stimuli has further expanded the scope of their applications. The use of light as a stimulus allows for excellent spatial and temporal control thus expanding their applications. [13] [14] [15] [16] [17] Nevertheless, CRP techniques are often not available to undergraduate laboratories or those lacking specialist equipment for efficient deoxygenation. Oxygen is a radical inhibitor, scavenging both primary and propagating radicals leading to the formation of peroxy radicals and hydroperoxides having an overall detrimental effect. 18 However, the various traditional deoxygenation techniques applied prior to polymerization (freeze-pump-thaw, N 2 /Ar sparging, glove box equipment, etc.) can be disadvantageous due to their high cost and implementation time. In order to circumvent this, different approaches have been made so as to replace conventional deoxygenation in Cu-mediated reversible deactivation radical polymerization [19] [20] [21] [22] [23] [24] and photo-induced electron transfer (PET) RAFT. [25] [26] [27] PET-RAFT, has employed various reducing agents (i.e. ascorbic acid, 28, 29 photo-redox catalysts 30, 31 ) which have been successfully used for the efficient removal of oxygen in both batch reactions and in continuous flow processes. 32 Polymerizations in continuous flow (CF) reactors are of interest since they have been proved to be efficient alternatives to batch reactions [33] [34] [35] [36] and by providing the ability to produce large volumes in short times, 37 have introduced an industrialized way of materials production. 38, 39 Continuous flow RAFT has been developed and exploited, for example by CSIRO where the ingress of oxygen through the tubing was problematic and avoided by using steel tubing to prevent quenching of the radical process by oxygen, 40 and more recently making use of the light penetration of millimetre-size fluoropolymer tubing giving multigrams/kgs of RAFT polymer per day. 41 CF processes have been fully exploited when combined with light as an external stimulus. 34, [42] [43] [44] [45] Junkers and colleagues has recently reported on the CF synthesis of core crosslinked star polymers via a photo induced copper mediated system. This system required prior nitrogen sparging and showed an elegant route to an interesting tool to continuously produce star polymers without intermediate purification 46 Efficiency of light penetration is increased due to the high surface area-tovolume ratio leading to more uniform irradiation and resulting in better control over the polymerization. 35 As a result, significant amounts of polymers are obtained through a user-friendly approach, with the ability to easily regulate the reaction parameters (flow rate, residence time, light intensity, etc.). On account of this, the scope of CF polymerizations has been expanded with the replacement of traditional deoxygenation in PET-RAFT polymerization. 30, 47 However, to the best of our knowledge, there is no example of a photoinduced copper mediated process that does not require deoxygenation in CF reactors.
Herein, we introduce the photo-induced Cu-RDRP of acrylates in a continuous flow reactor without the requirement of applying any type of deoxygenation or using externally added reagents. Optimization of the flow rate/residence time as well as the [EBiB] : [Cu(II)Br 2 ] : [Me 6 Tren] ratio leads to the synthesis of well-defined poly(acrylates). The versatility of this approach is further confirmed with the synthesis of different molar mass polymers (M n,SEC ∼ 2300-26 000 g mol −1 ) and the high end-group fidelity maintained is demonstrated through nucleophilic thio-bromine substitution with thioglycerol.
In order to explore the ability of this system to perform without deoxygenation in a continuous flow reactor, methyl acrylate (MA) was used as monomer, ethyl α-bromoisobutyrate (EBiB) as initiator, tris(2-(dimethylamino)ethyl)-amine (Me 6 Tren) as ligand, Cu(II)Br 2 as the copper source, and DMSO as solvent. In this chemistry the copper(II) is reduced following photoexcitation of the ligand. 48 The copper(I) is prone to both oxidation and disproportionation. 49 Disproportionation leads to copper(0) which is also prone to rapid oxidation. 50 One of the primary aims was to design a user-friendly process, able to provide uniform irradiation for the continuous flow. Consequently, the set-up included a dual syringe pump, a mixing tee, 3-meter PFA tubing located in the chamber of a UVP crosslinker with λ max = 365 nm, ending outside of the UVP chamber and connected with the foil-wrapped collection vessel (Scheme 1, Fig. S1 †) . Initially, based on our findings in the batch system (near-quantitative conversion after ∼2.5 hours) ( Fig . In contrast to the equivalent batch process, no polymerization took place. The presence of oxygen in this system is significant since it can be found dissolved in the reaction solution or localized in the tubing acting as "headspace". Based on our previous work using non-deoxygenated systems, where an increase of the copper complex concentration contributed to fast oxygen consumption, 20 we doubled both the concentration of Cu(II)Br 2 and Me 6 Tren. However, no polymerization was seen under these conditions. The lack of polymerization (Table S1, † entries 1 & 2) was attributed to the low amounts of copper complex which proved insufficient to both participate in oxygen consumption and generate active species for the polymerization. Thus, higher amounts of the copper complex were used with [Cu(II)Br 2 ] : [Me 6 Tren] = [0.08] : [0.48], yielding PMA with 46% monomer conversion (Table S1, entry 3, Fig. S3 †) . It is noted that copper(II) salts are classified as Generally Regarded As Safe (GRAS) compounds by the FDA. The deviations between theoretical and experimental M n values for the latter might be attributed to the oxygen consumption, taking place at this stage of the polymerization, leading to a reduction of initiator efficiency. As low monomer conversion and initiator efficiency were obtained, we envisaged that further increase of the copper complex concentration was needed in order to achieve sufficient oxygen consumption and higher monomer conversions. Consequently, [Cu(II)Br 2 ] : [Me 6 Tren] = [0.16] : [0.96] was used, resulting in 77% monomer conversion, good agreement between theoretical and experimental molecular weights (M n,SEC = 13 600, M n,th. = 13 500) and low dispersity (Đ = 1.17) (Table S1, entry 4, Fig. S3 & S4 †) . Interestingly, the continuous flow process provided high initiator efficiency when compared with a batch process, where deviations between experimental and theoretical M n values were present ( Fig. S2 †) . 20 It is noteworthy that when higher amounts of Cu(II) Br 2 and Me 6 Tren were used (0.32 eq. and 1.92 eq., respectively), a slightly higher dispersity was observed (Đ = 1.23) and no further increase in the monomer conversion was obtained ( Fig. S3 , Table S1 (Table S1 , Fig. S3 †) .
Consequently, identical samples were prepared and polymerized with different flow rates leading to different residence times ( Table 1) . MA with targeted DP n = 200 was polymerized with [Cu(II)Br 2 ] : [Me 6 Tren] = [0.16] : [0.96] ( Fig. 1a and b & c) . With a flow rate of 80 μL min −1 , the monomer conversion was as low as 4%, indicating that longer residence times are needed for the polymerization to proceed to acceptable conversions. From a flow rate of 40 μL min −1 ( Table 1, (Table S1 , † entry 2), it resulted in 46% monomer conversion when 6 μL min −1 was applied. Furthermore, the molecular characteristics of the sample run at different times in the reactor were the same for the whole volume of the polymer, corroborating the uniformity of the system (Fig. 1d , Table S2 †). A further requirement for a controlled radical polymerization is the retention of the chain end, which enables the functionalization of the obtained polymers. 51 In order to explore the ω-Br functionality in this system, matrix assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-ToF-MS) was employed for PMA 25 , 52 revealing a predominant single peak distribution corresponding to the bromine-capped polymer chains (Fig. 2b and c) . A small second distribution observed was attributed to a small degree of fragmentation during the MALDI-ToF-MS process. Since this suggested that the active end-groups were preserved, thio-glycerol was used for the thio-bromine substitution of the welldefined PMA 25 so as to introduce a different functionality for the non-deoxygenated polymer (Fig. 2a ). After the thiobromine substitution, MALDI-ToF-MS showed full shift of the -Br terminated chains and revealed the thioglycerol-functionalized PMA 25 (Fig. 2c and d, Fig. S5 †) . The single peak distribution observed for the substituted PMA, corroborated our hypothesis that the small distribution observed in the -Br capped sample corresponded to the MALDI-ToF-MS process.
In order to examine the ability to produce different molar masses, various DPs of PMA (25-400) were targeted with [Cu(II)Br 2 ] : [Me 6 Tren] = [0.16] : [0.96]. Since the production of different molar masses requires different polymerization times, different flow rates (residence times) were applied for this purpose (Table S3 †) . As a result, molecular weights from 2300 to 26 400 g mol −1 were achieved (Fig. S6 †) . Apart from various molar masses, the non-deoxygenated CF polymerization of hydrophobic and hydrophilic monomers was examined with both n-butyl acrylate (n-BA) (Fig. S7 †) and poly(ethylene glycol) methyl ether acrylate (PEGA 480 ) ( Fig. S8 †) . For both, the optimum conditions of [Cu(II)Br 2 ] : [Me 6 Tren] = [0.16] : [0.96] with a flow rate of 6 μL min −1 were used, leading to good agreement between theoretical and experimental M n values, low dispersities (Đ = 1.14-1.16) and high conversions (Fig. S9 †) . In addition to the synthesis of linear polymers, we were interested in different architectures, since their properties have gained a lot of academic and industrial interest. 53, 54 For this purpose, an 8-arm initiator (octa-O-isobutyryl bromide lactose initiator) was used for the synthesis of a PMA star homopolymer with targeted DP n = 200. Following [Cu(II)Br 2 ] : [Me 6 Tren] = [0.16] : [0.96] and 6 μL min −1 flow rate, a well-defined PMA star was obtained ( Fig. S10 †) . In summary, a photo-induced Cu-RDRP of acrylates in continuous flow without the requirement for deoxygenation is reported. The photo reduction of copper(II) and disproportion of copper(I) to copper(0) provide a regenerating process for the rapid consumption of oxygen. Low dispersities, control over the molecular weights and high conversions were obtained, after optimization of the copper catalyst loadings and residence times. Without external deoxygenation, good initiator efficiency was evident and high end-group fidelity was maintained, allowing for post polymerization modification. The robustness of the system is further corroborated with the synthesis of sophisticated architectures, as well as hydrophobic and hydrophilic polymers through a user-friendly setup.
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